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ABSTRACT

Monitoring wellhead pressure evolution is the best nethod of detecting
crude oil leaks in SPR caverns while oil/brine interface depth
measurenents provide additional insight. However, to fully utilize the
information provided by these interface depth neasurenents, a thorough
understanding of how the interface novenent corresponds to cavern
phenomena, such as salt creep, <crude oil |eakage, and tenperature
equilibration, as well as to wellhead pressure, is required. The tine
evolution of the oil/brine interface depth is a function of several
opposi ng factors. Cavern closure due to salt creep and crude oil
| eakage, if present, nove the interface upward. Bri ne renoval and
tenperature equilibration of the oil/brine systemnove the interface
downwar d. Therefore, the relative nagnitudes of these factors determ ne
the net direction of interface novenent. Using a nass bal ance on the
cavern fluids, coupled with a sinplified salt creep nodel for closure in
SPR caverns, the novenent of the oil/brine interface has been predicted
for varying cavern configurations, including both right-cylindrical and
carrot-shaped caverns. Three different cavern depths and operating
pressures have been investigated. In addition, the caverns were
i nvestigated at four different points in tine, allowing for varying
extents of tenperature equilibration. Ti me dependent interface depth
changes of a few inches to a few feet were found to be characteristic of
the range of cases studied.
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| NTRODUCTI ON

The ability to detect leaks in oil storage caverns in the U S. Departnent
of Energy's Strategic Petroleum Reserve (SPR) is inportant. These
caverns, leached in @ulf Coast salt dones, are nominally sone 2000 ft
underground, thus affording the cavern engineer very little means of
direct observation to detect |eaks. The cavern engineer does have daily
readi ngs of cavern wellhead pressure which, conbined with a data base of
such readi ngs, can give a good i'ndication of the existence of |eaks as
wel|l as their approxi mate size (Biringer 1987).

Measurenent of the oil/brine interface depth in SPR caverns provides
additional information concerning leaks. This information is especially
useful in cases when the wellhead pressure data, P,(t), is not definitive
or when the cavern has had a series of significant interruptions such as
the addition or renoval of oil. However, several opposing time-dependent
phenonena determine the direction of interface novenent. This, coupled
with the fact that npbst caverns are relatively frequently interrupted,

makes using interface depth readings to detect leaks a difficult
procedure. Furthernore, the exact |ocation of the interface is difficult
to determ ne. Not only are interface depth neasurenents normally
accurate only to 1 or 2 inches, but the interface depth itself can be
difficult to define. This is a result of a sludge |ayer which fornms at
the oil/brine interface, the thickness and consistency of which depends
on the oil conposition and cavern residence tine. Monitoring wellhead
pressure data is therefore the preferred neans for detecting |leaks in SPR
caverns, while interface depth neasurenents, if properly understood, can
suppl ement this information. This docunent provides the technical basis
for interpreting interface neasurenents.

| NTERFACE MOVEMENT AND RELATED PARAMETERS

Leaks in solution-mnmined caverns generally occur in or near the casing
seat, no |eaks have been confirmed in the bottom of caverns. Thus cavern
| eaks would be crude oil leaks, which result in an upward novenent of the
oil/brine interface. An upward interface novenent also results naturally
fromcavern creep closure due to the fact that the volunme |ost by creep
closure is concentrated in the brine (botton) region of the cavern
(Heffelfinger, 1991) and that the brine is |ess conpressible than oil
On the other hand, renoving brine results in a downward novenent of the
interface. Simlarly, since the cavern is nomnally filled wth
approximately 294 K (70°F) crude oil, the greater tenperature of the salt
done heats the oil, expanding it and noving the interface downward with
tinme. Thus SPR caverns are dynami c systenms, with interface depth
controlled by the relative rates of cavern creep, fluid reduction,
whether via crude oil |eakage or brine renoval, and tenperature
equi l i bration. Therefore the size of a leak (bbl/day) or the brine
renmoval rate (bbl/day) relative to the volune |oss due to creep closure
(bbl/day) determines the direction of the interface novenent. The



magni tude of this effect depends upon the cavern's age since the creep
rate, and thermal effects, change with tine.

In addition to the creep closure, fluid renoval rates, and thernmal
equilibration, gas intrusions fromthe salt, cavern depth, shape, and
wellhead pressure affect the novement of the interface. Cavern depth and
wellhead pressure have a direct effect on the creep rate while cavern
shape affects the relationship between the interface depth and the
relative amounts of crude oil and brine due to the geometric link between
cavern shape and volune distribution.

Interface depth and |eak rate have been related to cavern shape, depth,
time since fill, and wellhead pressure in the followi ng manner. Using a
sinplified creep nodel (Heffelfinger 1991), nodified to include the
cavern's thermal equilibration (discussed in Appendix A) and its elastic
response to pressure changes (discussed in Appendix B), caverns of two
different shapes, right-circular cylindrical and carrot-shaped, were
modelled at three different depths, 1500 - 3500 ft, 2000 - 4000 ft, and
2500 - 4500 ft, and at one operating pressure, 600 psia.

The time since fill for these caverns was taken to be 10 years. This
cavern age inplies that the oil contained in such caverns have been
allowed to thermally equilibrate without interruption for 10 years. Due
to extraneous operational constraints, SPR cavern's are often frequently
interrupted with oil and/or brine renmpbvals and additions thus this
concept of the oil tenperature profile as related to cavern age is an
approxi mat i on.

In addition, at one depth, 2000 - 4000 ft, three additional times since
fill: 1, 5 and 20 years, and two additional wellhead pressures, 900 and
1200 psia, were investigated. Initial interface depths were taken to be
250 ft from the bottom of the cavern for all cases.

This nodel treats leak rate as independent of cavern pressure. Al though
this is not the case for real SPR caverns, the intent of this work is to
relate the conbined effects of the rates of creep closure, volume |oss,
and thermal equilibration, to interface nmovenent rather than to address
the relationship between cavern operating pressure and |eak rate. The
temperature profile of the salt is taken to be linear with depth and time
invariant while that of the oil varies not with depth but with tine
according to Tomasko's (Tomamsko, 1985) calculations for SPR caverns. The
oil and salt tenmperature nodels are discussed further in Appendix A
Finally, this sinplified SPR cavern nodel does not consider any
intrusions of naturally occuring gas fromthe surrounding salt. (This
assunmption is justified since only a few of the 64 SPR sol ution-m ned
caverns have had neasurable gas intrusion effects).

The carrot-shaped caverns were designed to represent Phase |l SPR caverns
whil e having conparable characteristics to a nodel cavern, a 2000 ft
right-circular cylinder with a radius of 100 ft. Using the rule of thunb
that carrot-shaped SPR caverns have a noninal roof radius of 117.5 ft,
the floor radius of the carrot-shaped cavern was cal culated to be 81.4 ft
by setting the volune of the carrot-shaped cavern equal to that of the



nodel cavern and assuming that the radius varied linearly between the
roof and floor. Profiles of both the nmobdel right-circular cylindrica
cavern as well as the carrot-shaped cavern are shown in Figure 1

Al'l caverns were modelled over 180 days. For the first 90 days, the
amount of brine calculated to acconmpdate the volume |oss due to creep
closure (Heffel finger 1991) was renoved automatically. The brine was
renoved at intervals of 30 days to sinulate nmonthly cavern "bl eed-downs, "
used to control wellhead pressure and acconmpbdate cavern creep. The
di fference between this procedure and that actually used by SPR cavern
engi neers, renpbving brine when the cavern pressure reaches sone
predet erm ned maxi mum has been developed in Appendix C. At 90 days, a
simulated crude oil "leak" varying from 0 to 100 bbl/day was initiated.

In order to detect a leak the cavern engineer can nonitor the evolution
of the wellhead pressure, P,(t), and the interface depth, =z;(t).
Throughout this work, two additional paranmeters will be discussed, nanely
the repressurization ratio, RR and the change in interface depth, az;.
The repressurization ratio is defined by

) - Pw(t = 0)
)-Pw(t==0

>
Pw max - tleak

RR = [P (t <

T * 100% (1)
w max leak

where P, .. (t = tiea) i S the maxi mum wellhead pressure reached by the
cavern prior to the leak, P, (t = 0) is the initial or baseline wellhead
pressure, and P, n.x (t = tiea) i S the maxi num wellhead pressure reached
by the cavern after the leak. Notice that the repressurization ratio is
the mathematical equivalent of the post-leak slope of the wellhead
pressure data divided by the pre-leak slope of the wellhead pressure
dat a. Notice also that if the leak rate is such that the cavern creep
rate is insufficient to repressurize the cavern, the maxi mum postleak
wellhead pressure, Py, gay (t = tyea), Wl be the wellhead pressure at the
time of the leak, or equal to P,(t = 0). |If this occurs the numerator of
equation 1 will be zero and thus the repressurization ratio, RR wll be
zero.

The change in interface depth is defined by
Azi(t) = zi(t) - zi(t-=0) (2)

where az;(t) is the change in interface depth as a function of tineg,
z,(t) is the interface depth as a function of tine, and z;(t=0) is the
initial interface depth.
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Figure 1. Radius profiles, r(z), the right-circular cylindrical cavern and
the carrot-shaped caverns employed in this work.



RESULTS

Repr essurization Ratios

An exanmpl e of wellhead pressure evolution and change in interface depth
for a 2000 - 4000 ft cavern which has aged 20 years since fill and
experiences a leak of O bbl/day is shown in Figure 2. Thi s cavern was
initialized at a baseline wellhead pressure of P, = 600 psia, and with an
initial interface depth of z;(t=0) = 3750 ft. The rise in wellhead
pressure fromO0 to 30 days (20 years plus 30 days) for a cavern this age
is nmostly due to the volune lost to creep closure, and sone to therna

heating of the cavern fluids (Appendix A). At 30 days, and at 30 day
intervals thereafter, brine is bled fromthe cavern, resulting in a drop
in wellhead pressure to its baseline val ue. Bet ween brine removals, the
interface rises, i.e., the change in interface, Az;, as a function of
tine, has a positive sl ope. Wien brine is renoved at the 30 day
intervals, the interface moves downward, as evidenced by the drop in Az;.
Simlar results for the same cavern with a leak rate of 27.9 bbl/day are
shown in Figure 3. This leak rate represents a unique value for this
cavern: it is the leak rate at which further brine renoval is
unnecessary to maintain the baseline pressure at 600 psia. That is, if a
| eak of 27.9 bbl/day occurred fromthis cavern, the cavern engi neer would
notice that after the bl eed-down at 90 days, the cavern would renain at
600 psia without further intervention. The size of the |eak which causes
this cavern behavior is unique for each cavern and reflects the creep
closure and thermal equilibration rates. Thi s phenomena can be rel ated
to cavern depth and operating pressure by examning the relationship
between the repressurization ratio, RR and the |eak rate.

In the case of a 0 bbl/day leak, as in Figure 2, the repressurization
ratio will be 100%, i.e., the cavern will fully repressurize after such a
| eak. For the cavern in Figure 3, the cavern repressurization ratio is
0%  The repressurization ratio is a function not only of leak rate but
also creep rate, cavern depth, operating pressure, cavern shape, and
extent of thermal equilibration. This can be seen from Figure 4, a plot
of the repressurization ratio vs. leak rate for caverns aged 10 years
since fill operated at 600 psia for three different depths. A so shown
in this figure are the corresponding repressurization ratios for simlar
caverns which are carrot-shaped. For a given leak rate, the
repressurization ratios for carrot-shaped caverns are found to be
slightly higher than those of cylindrical caverns.

The effect of thermal equilibration on the relationship between
repressurization ratio and leak rate can be seen from Figure 5, a plot of
the repressurization ratio/leak rate relationship for a 2000 - 4000 ft

cavern at ages: 1, 5, 10, and 20 years since fill. From this data, it
can be seen that as cavern's age, they begin to take on the
characteristics of shallower caverns. For exanple, by conparing Figures

4 and 5, we see that the repressurization ratio/leak rate relationship is
very simlar for 10 year old 1500 - 3500 ft caverns and 20 year old
2000 - 4000 ft caverns. Stated another way, for a given depth, younger
caverns repressurize nore vigorously than ol der caverns. This is a
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Figure 2. An exanpl e of the wellhead pressure evolution and the change in
interface depth for a 2000 - 4000 ft cavern, 20 years fromfill, operated at
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Pressure and Interface Leak Response
2000 — 4000 ft 27.9 BBL/day

620 T v 1 T T 4
cylindrical cavern
t.. = 20 yrs
€
[
5
615 2 3
E
P D
‘o
M
610 0 3
1 @
G o8
. P 5%
2 - £
s L £
Q N
605 . -2 9%
‘ t
.’ (3]
’ >
“ Q
&
(]
2
600 -4 =
[0}
a
595 1 1 1 1 1 _ 6
0 30 60 90 120 150 180
Time (days)
Figure 3. An exanple of the wellhead pressure €volution and the change in
interface depth for a 2000 - 4000 ft cavern, 20 years after fill. operated at

P, = 600 psia, Wwth a |leak of 23.9 bbl/day.



Repressurization Ratios for Caverns
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Figure 4. Repressurization ratio vs leak rate for 2000 ft cylindrical and

carrot-shaped caverns, 10 years after fill, operated at 600 psia, at three
different depths.



Repressurization Ratios for Caverns

Operated at

P, = 600 psia

100 ’L’ ¥ v 7

% Repressurization

7 v T
cylindrical caverns

2000-4000 ft

100

Figure 5.
caverns aged:

1,

Repressurization ratio vs

35,

Leak Rate. BBL/day

10, and 20 years after fill,

| eak rate for

2000 - 4000 ft cylindrica
operated at 600 psia.



direct result of the expansion of the cavern fluids as they increase in
temperature and that this increase is nore pronounced for younger caverns
(see Appendix A).

A simlar plot for 2000 - 4000 ft caverns operated at 900 and 1200 psia
is presented in Figure 6. Fromthis figure it can be seen that operating
the cavern at 900 psia instead of 600 psia has a simlar effect on the
cavern creep closure rate, and therefore the repressurization-leak rate
rel ationship, as operating a 600 psia cavern at 1500 - 3500 ft instead of
2000 - 4000 ft.

Plots of repressurization ratios for data generated with conputer nodels
are useful for understandi ng cavern behavi or. However, it nust be
enphasi zed that wellhead pressure data from actual caverns is highly
scattered. Data reduction such as plotting the evolution of slopes of
straight lines fitted to wellhead pressure data, as discussed in Appendix
C, mtigates these problens to sone extent. Regardl ess of the
difficulties in obtaining and interpreting wellhead pressure data, it is
the easiest and best nmethod of monitoring for leaks in SPR caverns. This
is evident fromFigures 2 and 3. \Wiile a 27.9 bbl/day leak in a 2000 -
4000 ft cavern induces a 90 day change of 3 inches in interface
movement, the change in slope of the wellhead pressure data is from
approxi mately 0.5 psi/day to 0 psi/day. The change in the slope of the
wellhead pressure data caused by the crude oil leak is therefore not only
nore dramatic than the resulting interface nmovement but wellhead pressure
data is also nuch easier to obtain as it is available from surface
pressure gauges.

Interface Depth
Cavern Depth

To determine the effect of cavern depth on the relationship between
interface nmovenent and leak rate, the changes in interface depths for
m ddl e-aged (tgpa,e = 10 yrs) cylindrical caverns at three depths, 1500 -
3500 ft, 2000 - 4000 ft, and 2500 - 4500 ft, with 8 different |eak rates
have been plotted in Figures 7, 8, and 9. From these figures, it is
apparent that for a given leak rate, deeper caverns experience greater
movenments in interface depth than shallow caverns. Furthernore, above a
certain leak rate, the overall slope of the Az,(t) data changes from
negative to positive, and the leak rate at which this occurs is higher
for deeper caverns. For exanple, for the 2000 - 4000 ft cavern in Figure
8, the interface nmovement continues its preleak downward trend for |eak
rates of 1, 5, 10, and 20 bbl/day. For greater |leak rates, however, the
trend in interface novenent is upward after the leak begins at t = 90
days. For the deep cavern, 2500 - 4500 ft, shown in Figure 9, the
reversal in the direction of interface nmovement occurs at a higher |eak
rate. That is, leak rates of 1, 5, 10, 20, 40, and 60 bbl/day do not
change the preleak downward interface novenent, while larger leak rates
reverse this trend.

It is also evident fromthese figures that as the leak rate increases,
the drops in interface depth due to brine renmoval at the 30 day intervals

10



Repressurization Ratios for
2000-4000 ft Caverns t

s = 10 yr
100 L L
cylindrical caverns
p'
. e 600 psia |
80 o ‘
e N 900 psia
c ‘\‘ -— 1200 psia
K¢} \;
© \ .
N 60 \
2 \
» ]
o \
3 \
€ 40 \‘ |
X \
1
1
1
1
i
20 \ i
1
1
1
1
\
i
]
1]
0 1 1 1
0 20 40 60 80 100
Leak Rate, BBL/day
Figure 6
caverns,

Repressurizatipn ratio vs leak rate for 2000 - 4000 ft cylindri cal
10 years after fill, operated at 600, 900 and 1200 psia

11



Az, Leak Response
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Figure 7. The change in interface depths for a cylindrical cavern, 1500 -
3500 ft, 10 years after fill, operated at 600 psia, with 8 different |eak

rates (from bottom to top in figure): 1, 5 10, 20, 40, 60, 80, and 100
bbl/day. All leaks were initiated at t = 90 days.
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Az, Leak Response
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Figure 8. The change in interface depths for a cylindrical cavern, 2000 -
4000 ft, 10 years after fill, operated at 600 psia, with 8 different |eak

rates (from bottom to top in figure): 1, 5 10, 20, 40, 60, 80, and 100
bbl/day. Al leaks were initiated at t = 90 days.
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Az, Leak Response
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decrease in size and eventually reach zero when the leak rate
corresponding to a repressurization ratio of 0% has been reached. For
example, for a cylindrical 2000 - 4000 ft cavern operated at a wellhead
pressure of 600 psia, the leak rate corresponding to a repressurization
ratio of 0%is 27.9 bbl/day (from Figure 6). Therefore, any leak rate
above 27.9 bbl/day for this cavern would nean that at the nonthly
intervals for brine withdrawal, the cavern engineer would find that the
cavern had not repressurized to its nomnal operating pressure and thus
no brine would need to be renmoved. Thus the plots of interface novenent
for leak rates above this value should show no signs of brine renoval
(i.e. no drops in interface depths at 30 day intervals). This can be
seen in Figure 8. In this figure, leak rates of 1, 5, 10, and 20 bbl/day
(all less than the 27.9 bbl/day which gives a 0% repressurization ratio)
show drops in interface depth at 30 day intervals. The plots of the
interface movements for the higher leak rates in this figure are snooth
wi thout any signs of periodic brine removal. Thus when the cavern's |eak
rate exactly balances the volune |ost due to cavern creep closure, the
cavern repressurizes to its baseline wellhead pressure. Not e t hat
included in this balance of dynamic cavern behavior is the ongoing
thermal equilibration of the cavern and that the nore conpletely
equilibrated the cavern is, (i.e. nore years since fill), the less
thermal equilibration factors into the leak rate/creep closure rate
bal ance which determines the cavern repressurization

Cavern Shape

Al t hough cavern shape has a snmall effect on wellhead pressure data
(Figure 4, it has a large effect on the relationship between interface
novenent and | eak rate. This is evident from Figures 10, 11, and 12,

Az (t) vs tine plots for carrot-shaped caverns at the sane depths, |eak
rates, and cavern ages as in Figures 7, 8, and 9. By conparing the
i nterface novenent of caverns identical in depth, wellhead pressure, age,

and volume, but differing in shape, it is apparent that the interface
nmovenent for a given leak rate is nore dramatic for carrot-shaped caverns
than it is for cylindrical caverns. This is due to the geonetric link

bet ween cavern shape and vol unme distribution. That is, for a given
volunme of fluid loss, the effect on the fluid level (interface depth)
will be greater at smaller radii. As can be seen from Figure 1, in the

bottom half of the caverns studied in this work, the radius of the
carrot-shaped caverns is smaller than that of the cylindrical caverns.
Thus, any fluid level moverment in the bottom half of these caverns, such
as oil/brine interface depth, wll be nmore pronounced for the carrot-
shaped caverns than for cylindrical caverns. By comparing the the
interface novenent figures for cylindrical and carrot-shaped caverns, it
is also evident that the difference in interface nmovenent for the two
cavern shapes increases with cavern depth. That is, the effect of cavern
shape on interface novenent at a given leak rate is nore pronounced for
deeper caverns. This can also be seen from Figure 4, the
repressurization ratio/leak rate relationship for cylindrical and carrot-
shaped caverns of varying depths.

15



Az, Leak Response
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Figure 10. The change in interface depths for a carrot-shaped cavern, 1500-
3500 ft, 10 years after fill, operated at 600 psia, with 8 different |eak
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bbl/day. Al leaks were initiated at t = 90 days.
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Az, Leak Response
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Az, Leak Response
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Cavern Age

The effect of cavern age on interface novenent for varying |leak rates can
be seen by conmparing (Figures 13, 14, 8, and 15) plots of the change in
interface novenent, Az;(t), for a 2000 - 4000 ft cylindrical cavern at 4
different ages, 1, 5, 10, and 20 years since fill, respectively. From
these figures it is seen that the both the preleak as well as the
postleak interface novenent are nore dramatic for younger caverns, a
result consistent with Figure 5, a comparision of repressurization
ratio/leak rate relationships for caverns of varying ages. As stated
above, this is due to the fact the the expansion of the cavern fluids due
to thermal equilibration is nore vigorous for younger caverns (Appendix
A). The expansion of the cavern fluids raises the wellhead pressure nore

qui ckly, thus nore brine nust be renoved to maintain the cavern. The
direct result is that a nore dramatic drop in interface novenent occurs
at the 30 day cavern naintenance intervals. Fur t her nor e, t he

charactistic leak rate which achieves perfectly constant wellhead
pressure decreases with cavern age. This is easily seen from Figure 5,
but also can be detected in Figures 13, 14, 8, and 15 from the nunber of
postleak | eak rate curves which show no drop in interface at the 30 day
intervals. The nunber of these curves increases with cavern age, an
indication that older caverns experience |less repressurization due to
| esser changes in fluid tenperature

Cavern Qperating Pressure

The relationship between cavern operating pressure and interface novenent
can be seen in Figures 16 and 17, plots of aAz;(t) vs tine for 2000 -
4000 ft cylindrical caverns aged 10 years since fill and operated at 900
and 1200 psia. By comparing Figures 8, 16, and 17, it can be seen that
raising the operating pressure and thus reducing the creep rate, results
in less dramatic novenent of the interface at a given leak rate. In
addition, raising the operating pressure from 600 psia to 900 psia has a
much greater inmpact on the interface's response to |eak rate than raising
the operating pressure from 900 psia to 1200 psia.

The Effects of Thermal Eouilibration
Decoupl ed from Cavern Creep O osure

The effect of the thermal equilibration process on the wellhead pressure
and interface depth can be decoupled fromthat of cavern creep closure by
a sinple nodification of the nodel's FORTRAN code which di sables the
radi us change due to creep closure. The modified "no creep" nodel can
then be used to predict the wellhead pressure and change in interface
depth for a 2000 - 4000 ft cylindrical cavern operated at 600 psia.
Next, the difference in wellhead pressure and interface depth between the
creepi ng and noncreepi ng caverns of varying ages can be determ ned.

Cavern Repressurization

These differences have been plotted in Figures 18 and 19. From Figure
18, it can be seen that the thermal equilibration contribution to the
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Az, Leak Response
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Figure 14. The change in interface depths for a cylindrical cavern, 2000 -
4000 ft, 5 years after fill, operated at 600 psia, with 8 different [eak
rates (from bottom to top in figure): 1, 5 10, 20, 40, 60, 80, and 100

bbl/day. Al leaks were initiated at t = 90 days.
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Az, Leak Response
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Figure 16. The change in interface depths for a cylindrical cavern, 2000 -
4000 ft, 10 years after fill, operated at 900 psia, with 8 different [eak

rates (from bottom to top in figure): 1, 5 10, 20, 40, 60, 80, and 100
bbl/day. All leaks were initiated at t = 90 days.
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Az, Leak Response
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Figure 17. The change in interface depths for a cylindrical cavern, 2000 -
4000 ft, 10 years after fill, operated at 1200 psia, with 8 different |eak

rates (from bottom to top in figure): 1, 5, 10, 20, 40, 60, 80, and 100
bbl/day. Al leaks were initiated at t = 90 days.
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Difference in Cavern Repressurization
Between Creeping and Noncreeping Caverns
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Figure 18. The difference in cavern repressurization between creeping and

noncreeping caverns aged 1, 5, 10, and 20 years since fill.
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Difference in interface Depth
Between Creeping and Noncreeping Caverns
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Figure 19. The difference in interface depth between creeping and noncreeping
caverns aged 1, 5, 10, and 20 years since fill.
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cavern repressurization is decreases with increasing age. That is, the
di fference between the creeping and noncreepi ng cavern wellhead pressures
is the snallest for the youngest cavern, tg.. = 10 years, and increases
with cavern age. Note that this difference is 0 at the 30 day intervals
where brine is automatically renpved in order to regain the cavern
operating pressure, 600 psia, in both cases.

Interface Depth

Figure 19 is a plot of the differences in interface depth between the
creeping and noncreeping cavern. As the z ordinate of the nodel is taken
to positively increase with depth, negative values of this difference
paraneter indicate that the noncreeping interface depth is deeper
(mat hematically nore positive) than the creeping interface depth. This
is due to creep closure which noves the interface upward. Furt hernore,
note that the results for this difference for caverns of different ages
spread out with tine. Cavern age influences the rate of cavern
repressurization, and thus the volume of brine needed to be renpved to
bring the wellhead pressure back to its operational value, Vg (volume of
brine renoved). The vol ume of brine renpved at these 30 day intervals
directly affects the interface depth and this effect is cunulative, that
is, with each brine rempval, the difference in interface depth between
the creeping and noncreepi ng caverns grows by an anount representative of
the difference in Vg for creeping and noncreeping caverns.

Sunmary

The viability of using interface novenent neasurenents to detect |eaks in
SPR caverns is perhaps best investigated by conparing the interface
novenent of a leaking cavern to that of a nonleaking cavern for a variety
of cavern configurations. This is easily done with the above data, and
has been summarized in Table 1. The far right-hand colum in this table,
z; (180 days, 100 bbl/day) - z;(180 days, O bbl/day) is sinply the
difference in final interface depth (at 180 days) for identical caverns
whi ch experience 100 bbl/day and 0O bbl/day | eaks. Thi s paraneter
reflects how the interface noverment, z,(t), would change due to a 100
bbl/day | eak, and nust exceed the estinmated error inherent in interface
movement s
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Table 1

zi(180 days,
100 bbl/day)
Cavern Depth | Wellhead Corart Cavern Shape
Pressure
(psia) (yr) zg (180 days,
0 bbl/day)
1500- 3500 ft 600 10 cylindrical 5.4
2000- 4000 ft 600 10 cylindrical - 9.4
2500- 4500 ft 600 10 cylindrical - 18.7
1500- 3500 ft 600 10 carrot - shaped - 6.9
2000- 4000 ft 600 10 carrot - shaped -12.5
2500- 4500 ft 600 10 carrot - shaped - 25.4
2000- 4000 ft 600 1 cylindrical -17.4
2000- 4000 ft 600 5 cylindrical -12.6
2000- 4000 ft 600 20 cylindrical - 7.2
2000- 4000 ft 900 10 cylindrical - 6.5
2000- 4000 ft 1200 10 cylindrical - 5.3
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CONCLUSI ONS

The novenent of the oil/brine interface in SPR caverns is dependent on
the relative rates of cavern creep, brine renmoval, crude oil |eakage, and
cavern pressurization due to the thermal equilibration process. These
relationships are further influenced by cavern depth, wellhead pressure,
and cavern shape. The largest interface nmovenents are found in caverns
with high creep rates, such as deep caverns or those operated at | ower
pressures, and young caverns, due to the large repressurization rates
t hese caverns experience as a result of thermal equilibration of the
oil/salt system Carrot-shaped caverns experience greater interface
nmovenent than right-cylindrical caverns for a given leak rate

As seen from Table 1, the interface depth response to |arge |eaks, 100
bbl/day, ranges fromb5 to 25 inches over a 3 nonth | eak period. Vhi | e
interface depth can be neasured to within a couple inches, for these
measurenents to be utilized in detecting |eaks, the other cavern
phenonmena which contribute to interface novenment nust be adequately

quantified. In particular, the cavern thermal equilibrium process has a
large impact on interface nmovement in young caverns. In addition, * | eaks
K1Te1" than 100 bbl/day may ‘be lost in the error inherent in interface

-t pth measur enents. Thu¥ must be concluded that wellhead pressure
‘ﬁata is the nost reliable nethod of detecting SPR | eaks. However, in
cases of small |eaks, scattered wellhead pressure data, or when a cavern
as had several interruptions, interface depth nmeasurenents provide

additional insight to cavern behavior.
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Appendi x A

Tenperature Models

Tomasko has modelled the tenperature evolution of an SPR cavern filled
with crude oil at 294.4 K (70°F) (Tommsko, 1985) and conpared the results
to real SPR caverns. An adequate representation of this tenperature
evolution is

-t/7
T .., () = T + (1 - e )*(Tms - T

0il £ (a-1)

£

where Tg;;(t) is the time evolution of the crude oil, Ty the fill
temperature, T, the nmean tenperature of the salt (taken as the salt
temperature at the cavern midpoint), r the time constant of the thernmm
equilibration, and t tine. Throughout this work, = was taken to be 2500
days as suggested by Tonmasko. The salt tenperature profile from which
Tas IS taken has been discussed previously (Heffelfinger, 1991) and
yi el ds values of 318.9 K (114°F), 322.8 K (121°F), and 326.7 K (128°F)
for caverns 1500 - 3500 ft, 2000 - 4000 ft, and 2500 - 4500 ft deep
respectively.

Using this nodel of the tenperature of the oil, the time evolution for
SPR crude oil can be plotted as a function of tine for the three cavern
depths investigated in this work. This has been done in Figure Al where
it can be seen that, for all three depths, the oil starts at the fil

tenperature, 294.4 K (70°F), and reachs the nean salt tenperature, T,
after approxi mtely 30 years. Thr oughout this work, four different
cavern ages (defined as tinme since fill) have been investigated, tgi... =
1, 5, 10, and 20 years. The effect of the oil's tenperature evol ution on

the interface novenment will be nost profound in regines where the
tenmperature changes quickly with tine. From Figure A l, it is easily
seen that this occurs at snall values of tine. This figure can be

expanded for the depths and cavern ages investigated in this work as in
Figures A-2, A3, and A-4, tenperature evolution plots for caverns 1500 -
3500 ft, 2000 - 4000 ft, and 2500 - 4500 ft deep, respectively. From
these figures the relative changes in slope of the tenperature evol ution
can be seen for the different tinme regines investigated.

Finally, a 2000 - 4000 ft cylindrical cavern, operated at 600 psia, which
experiences 1 and 100 bbl/day |eaks has been modelled using three

different oil tenperature nodels. The first nodel enploys a constant
(with tine as well as depth) oil tenperature equal to the nean salt
t enperat ure. The second nodel is also constant with timebut varys with
depth and is equal to the salt tenperature profile. This is the node

previously enployed by this sinplified creep nodel for studies not
strongly affected by the oil tenperature profile (Heffelfinger, 1991).
The third nodel is the tinme evolution discussed above, equation A-l, for
four different cavern ages: tga... = 1, 5 10, and 20 years.
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Figure A-l. The tenperature evolution, T(t), for 1500 - 3500, 2000 - 4000

and 2500 - 4500 ft caverns after the work of Tomasko (Tomasko, 1985).



Expanded Temperature Evolution Model
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Figure A-2. An expansion of the t .. = 1, 5 10, and 20 year time regines of
the T(t) profile (Figure A1) for a 1500 - 3500 ftr deep cavern (tg .= time
since fill).



Figure A-3.
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Expanded Temperature Evolution Model
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the T(t) profile (Figure A1) for a 2500 - 4500 ft deep cavern (tspare _ time
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As done throughout this work, the leak was initialized after three nonths
of creep closure and allowed to continue for three additional nonths.
For this period, the differences between the nodels for total volunme |ost
to creep closure, interface depth, and wellhead pressure, deternmined as a
percent difference were negligible. However, the change in interface
nmovenent, or first derivative of z,(t), the evolution of the interface
depth with time, is much nmore sensitive to changes in the oil tenperature
model . This can be seen from Figures A-5 and A-6, the results for
interface nmovement for this cavern with the different tenperature nodels.
It can be seen fromthese figures that nodelling the tenperature as tine
invariant, whether invariant with depth or equal to the salt tenperature
profile, produces much the same results for change in interface nmovenent.
The time dependent oil tenperature, however, deviated fromthese results.
Furthernmore, this difference increased with decreasing cavern age. Thus,
the tenperature nodel enployed to study interface novenent significantly
affects the results, particularly for young caverns, i.e. those within
one year of fill.



Az, Leak Response
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surrounding salt. T,,,(t) represents a tine variant and depth invariant oil
tenperature according to equation A-I. Four different values of t ... are

shown: 1, 5, 10, and 20 years (since fill). Note that the results for T, =
Toean sart @€ identical to those for Ty = Tea1e(z).
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Az, Leak Response
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Figure A-6. The change in interface depths for a cylindrical cavern, 2000 -
4000ft deep, experiencing a 100 bbl/day, with 3 different oil tenperature
models . Toji| = Tpean salt indicates a time and depth invariant oil tenperature
profile which is equal to the nean tenperature of the surrounding salt. Tg;,

T.a1e(2) represents a tine-invariant oil profile equal to that of the
surrounding salt. T, (t) represents a timevariant and depth invariant oil

tenperature according to equation A-I. Four different values of tg.,. are
shown: 1, 5, 10, and 20 years (since fill).



Appendi x B

The El astic Response of the Cavern

The elastic (tine-independent) response of the cavern is relevant only in
situations where the cavern pressure changes. This can be seen fromthe
equation governing the elastic response for cylindrical geonetry (Roark
1954):

Ar = - [éB—r] [1 i v] (B-1)

In this equation, Ar is the change in radius, Ap the change in pressure,
r the radius, E, the nodulus of elasticity, and v is Poisson's ratio

Renoving any cavern fluids results in changes in cavern pressure,
therefore, the cavern's elastic response may well contribute appreciably
to cavern paraneters such as repressurization rate and interface
movenent . Thus the nodel previously discussed (Heffelfinger, 1991) was
nodified to include the cavern's elastic response for this work.



Appendix C

Two Methods of Cavern Maintenance

SPR caverns are continuously pressurizing, therefore they require regular

mai nt enance. In particular, to preserve cavern integrity, the cavern
pressure at the casing seat nust not exceed the lithostatic pressure at
the depth of the casing seat. If this does occur, the salt surrounding

the casing seat will be forced outward, enabling a hydrodynanmic pressure
transfer of the cavern pressure up the outside of the casing to the salt
surroundi ng the casing. This in turn, increases the outward salt
movenent, eventually resulting in cavern failure as the casing-salt seal
is no longer able to contain cavern pressure

Cavern pressurization due to creep closure is controlled by the cavern
engi neer by renmoving brine fromthe cavern. Gven the fact that the
evolution of the wellhead pressure, P,(t), provides the best neans of
moni toring SPR caverns for fluid loss, the brine renoval process nust be
carried out in a way that best preserves the value of the wellhead
pressure data for |eak detection. This may be acconplished by two
different methods.

In the first nethod, brine is renoved fromthe cavern at regular tine
intervals. The resulting wellhead pressure data will appear as the solid
line in Figure GIl. In this figure, the cavern has pressurized fromits
basel i ne pressure of 600 psia to a maxi num of approximately 616 psia in
30 days. At this point, and-at 30 day intervals thereafter, the cavern
was bled to 600 psia. At 90 days, this cavern experienced a 5 bbl/day
| eak. From Figure C I, it can be seen that the effect of this leak on
the wellhead pressure data was that the pressure of the cavern at the end
of the .30 day brine renpval intervals was |less than that previously, down
to approximately 614 psia from 616 psia. Thus, if the cavern were
operated in this manner, to detect the |eak the cavern engineer would
need to notice that the cavern was not pressurizing to as high a pressure
as previously for the same tine period, 30 days.

The second nethod, brine renoval when the cavern reaches some maxi mum
pressure, is the method used by the SPR (Wnn 1990). In this nethod

brine is renoved from the cavern once the cavern pressure reaches a
predet erm ned maxi mum  For the cavern in Figure C |, this pressure would
have been 614 psi a. Prior to the leak at 90 days, the cavern engi neer
woul d have renpved brine once the cavern reached 616 psia, which in this
case corresponded 30 day intervals. However, after the |eak, the cavern
pressure woul d take longer to reach 616 psia, as shown by the dotted line

in Figure C1. Thus to detect the leak, the cavern engineer would need
to notice that the cavern was taking l|onger to repressurize. In Figure
c-2, simlar results for the same cavern with a 10 bbl/day |eak, have
been plotted. The differences between the two nethods of cavern

operation are simlar to those in Figure C I, but nore exaggerated.

If the slope of the P,(t) line is plotted as a function of tine, the
resulting graph is independent of the method used for cavern nmintenance.

c- 1



Wellhead Pressure Leak Response
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Figure CI. Wellhead pressure evolution, P,,,(t), for a 2000 - 4000 ft cavern
20 years after fill, which experiences a 5 bbl/day leak at 90 days. The

preleak (t < 90 days) solid line represents the wellhead pressure evolution
whet her the cavern is operated with brine renoval at regular intervals or with

brine renoval upon reaching sone maxi nrum val ue of wellhead pressure. The
postleak (t > 90 days) indicates the wellhead pressure evolution if the cavern
is operated with brine removal at regular intervals. The postleak (t > 90

days) dotted line represents the wellhead pressure evolution if the cavern is
operated with brine removal when the wellhead pressure reaches some maximum
val ue.



Wellhead Pressure Leak Response
2000 —4000 ft 10 bbl/day
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Figure C-2. Wellhead pressure evolution, P,(t), for a 2000 - 4000 ft cavern,
20 years after fill, which experiences a 10 bbl/day |eak at 90 days. The
preleak (t < 90 days) solid line represents the wellhead pressure evol ution
whet her the cavern is operated with brine renoval at regular intervals or with

brine renoval upon reaching sonme maxi mum val ue of wellhead pressure. The
postleak (t > 90 days) indicates the wellhead pressure evolution if the cavern
is operated with brine renmoval at regular intervals. The postleak (t > 90

days) dotted line represents the wellhead pressure evolution if the cavern is
operated with brine renoval when the wellhead pressure reaches some maxi mum
val ue.



This has been done for the above cavern, for |eaks beginning at t = 90
days, with rates of 1, 5, 10, and 20 bbl/day. This is generally the type
of information the cavern engi neer would use when exanmning P,(t) data
for evidence of leaks. The repressurization rate, psi/day, is sinply the
slope of the P,(t) data and is unique for caverns which have been filled
with oil long enough such that the cavern has stabilized with respect to
postleak creep closure, approximately 2 years for typical SPR caverns.
After this tine, this ratio will change slightly at the cavern thernally

equi | i brates. Because the P, (t) data is generally scattered, the cavern
engi neer curve fits straight lines to sections of data and conpares the
sl opes of these lines. A leak will appear as a decrease in the
repressurization rate, as seen for the 4 leak rates: 1, 5, 10, and 20

bbl/day, shown in Figure G 3.
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